Assessing cross-reactivity in allergen immunotherapy

Richard W. Weber, M.D.

ABSTRACT

Knowledge of patterns of pollen cross-reactivity is crucial for formulation of immunotherapy vaccines. As phylogenetic rela-
tionships have become better clarified through the use of tools such as gene sequencing, it is apparent that cross-reactivity
reflects taxonomy in the vast majority of cases. Contradictory observations of unexpected cross-reactivity between distantly
related plants require explanation. There are many proteins, presumably performing vital functions, tightly preserved
throughout the evolutionary tree from plants to animals. Examples are profilins, lipid transfer proteins, and pathogenesis-
related proteins. These may function as panallergens. The small differences that exist between these ubiquitous proteins may
explain why these are frequently minor allergens, not reacting in the majority of allergic sera. This article summarizes cross-
reactivity from older studies using crude pollen extracts as well as newer research of purified or recombinant allergenic pro-
teins. The patterns of cross-allergenicity that emerge should be helpful in guiding therapeutic decisions.

(Allergy Asthma Proc 43:314-321, 2022; doi: 10.2500/aap.2022.43.210112)

hy should pollen cross-reactivity be of concern

in the clinical setting? Allergic travelers could
research what flora may be found where they are visit-
ing. Without a sense of whether nonendemic plants are
allergenically related to those they are sensitive to,
they cannot adequately prepare for possible exposures.
A knowledge of allergen cross-reactivity will allow the
allergist to better formulate immunotherapy, avoiding
the addition of too many similar allergens and thus
decreasing the likelihood of systemic reactions to
overly potent extracts, and allowing appropriate cover-
age in formulation. A great deal of information has
become available over the past 50 years, both on pollen
cross-allergenicity and plant systematics. Advances
have been made with amino acid sequencing, gene
sequencing, and cloning of recombinant allergens.

Pollen Interrelationships

Cross-reactivity inferred by plant systematics depends
on two premises.' First, the present botanical classifica-
tion truly reflects phylogeny, that is, that two plants
found in the same genus evolved from a common recent
progenitor, two in the same family from a more distant
ancestor, and so forth. The second premise is that plants
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in the same genus would have the greatest number of
shared allergens, those in the same family perhaps less,
and distantly related plants would be expected to show
little cross-reactivity. This has been generally validated,
but there are exceptions, notably, panallergens such as pro-
filins, nonspecific lipid transfer proteins, and pathogene-
sis-related proteins.”> The taxonomy used here is that of
Judd and colleagues in Plant Systematics: A Phylogenetic
Approach.* Their supporting data are derived from mor-
phology, embryology, palynology, and analysis of bio-
chemical, chloroplast gene, chromosome, and DNA data.
Taxons of any size, including orders or classes, related by
a common ancestor are called clades. Where monophyly,
descent from a common ancestor, is very likely, one would
expect strong cross-reactivity. However, controversy per-
sists in the systematics of numerous plant groups.

Seed plants are split into gymnosperms (conifers) and
angiosperms (flowering plants). Monophyly of angio-
sperms is strongly supported, but that of the gymno-
sperms is not. The traditional division of flowering
plants into Monocotyledoneae and Dicotyledoneae is
not supported by recent data: Monocots are monophy-
lous, while Dicots are not. A large monophylous subset
of Dicots is the Tricolpates. This group is characterized
by similar gene sequences and by pollen grains with
three apertures (although there are frequent exceptions).

Conifers. The largest family in the order Pinales is
Cupressaceae. This group includes cedars, junipers,
cypresses and others. Family members have a strongly
cross-reactive major allergen.” A number of Cupressaceae
allergens have now been cloned. The pine family,
Pinaceae, contains pines, spruces, hemlocks, and firs.
Crude extracts of Pinaceae members have not shown
cross-reactivity with Cupressaceae plants. Members of
Pinaceae are rarely potent sensitizers, and may frequently
be ignored in formulating extracts.
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Figure 1. Family Poaceae taxonomty.
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Table 1 Grass pollen interrelationships

Taxon Examples

Comments

Poaceae Pooideae
grass, june, sweet vernal

Poaceae Chloridoideae

Poaceae Panicoideae

Juncaceae, Cyperaceae,
Typhaceae, Areceae

Rush, sedge, cattail, palm

Timothy, orchard, fescue, rye-

Bermuda, buffalo, salt, grama

Johnson, corn, bahia, sugarcane

1. Strong cross-allergenicity based on marked
homology of group 1, 2/3, 5 major allergens

2. Possible unique allergens in timothy and sweet
vernal

1. Cross-reactivity between members, Bermuda
strongest inhibitor

2. Lack of group 2 and 5 allergens accounts for little
cross-allergenicity with Pooideae

1. Lack of group 2 and 5 allergens accounts for little
cross-allergenicity with Pooideae

2. More cross-reactivity with Pooideae than
Chloridoideae

1. Cross-allergenicity within families

2. No cross-reactivity with Poaceae

Grasses. The Monocot subclass is composed of the lily
superorder Lilianae, and the spiderwort superorder
Commelinanae. The family Poaceae is a large clade within
the latter superorder, with other families containing
rushes, sedges, and cattails. Poaceae has two major clades
and three additional minor subfamilies (Fig. 1). There are
numerous tribes. The PACMAD clade contains the sub-
families Panicoideae, Arundinoideae, Chloridoideae,
Micrairoideae, Aristidoideae, and Danthonioideae,
hence the acronymic clade name. The BOP clade consists
of the subfamilies Bambusoideae, Orysoideae, and
Pooideae. The subfamily Pooideae (temperate pasture
grasses) contains five tribes. Panicoideae contains two
tribes, Andropo-gonae and Paniceae. Chloridoideae has
four tribes: Chlorieae, Aeluropideae, Eragrostideae, and
Sporoboleae.

Members of Pooideae are strongly cross-reactive,
based on crude extract studies and specific major
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allergen studies.” Other subfamilies show less cross-reac-
tivity. Bermuda grass (tribe Chlorideae) does not
strongly cross-react with the northern grasses, based on
relative lack of major allergen groups 2 and 5. Two other
southern grasses, Johnson (tribe Andropogoneae) and
Bahia (tribe Paniceae), were inhibited by the temperate
grasses, but were in turn poor inhibitors, suggesting they
also lacked certain major allergens (Table 1). About 30
individual grass allergens have been described.

Tricolpate Angiosperms. Three clades within tricolpates
contain most of the plants incriminated in pollinosis:
the subclasses Asteridae and Rosidae, and the superor-
der Caryophyllanae. The latter taxon includes the
orders Caryophyllales and Polygonales. Within
Caryophyllales, chenopod-amaranth plants are com-
mon weeds of the Amaranthaceae family. This weed
group contains major inducers of pollinosis in the
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Table 2 Tree and weed interrelationships

Taxon Examples Comments
Pinales Cedar, juniper, mountain cedar, 1. Strong cross-allergenicity within Cupressaceae
(Coniferales) cypress, Japanese red cedar, based on marked homology of group 1 and:2 major
Cupressaceae redwood, pine allergens
2. Weak cross-allergenicity with angiosperms may be
because of group 4 calcium binding proteins
Pinales Pine, spruce, hemlock, Douglas 1. Minimal cross-inhibition between Monterey pine
(Coniferales) fir, larch, fir and ryegrass most likely because of profilins
Pinaceae 2. No cross-inhibition with Cupressaceae
Caryophyllanae Palmer’s amaranth, redroot 1. Strong cross-allergenicity between Amaranthus
Caryophyllales pigweed, western species, especially with Palmer’s amaranth and
Amaranthaceae waterhemp redroot pigweed, somewhat less with western
Amaranthioideae waterhemp
Caryophyllanae Russian thistle, burning bush, 1. Strong cross-allergenicity between Atriplex species
Caryophyllales annual saltbush, wingscale (scales)
Amaranthaceae 2. Greater diversity, with variable degrees of cross-
Chenopodioideae reactivity with other subfamily Chenopodioideae
members
3. Russian thistle may possess unique allergens
Fagales Beech, oak 1. Fairly strong cross-allergenicity between Betulaceae
Fagaceae and Fagaceae members based on homology of
group 1 and 2 allergens
Fagales Birch, alder, hazel 1. Strong cross-allergenicity between Betulaceae mem-
Betulaceae bers based on homology of group 1 and 2 allergens
2. Fairly strong cross-allergenicity between Betulaceae
and Fagaceae members based on homology of
group 1 and 2 allergens
Lamiales Olive, ash, privet, lilac 1. Strong cross-allergenicity between Oleaceae mem-
Oleaceae bers based on homology of group 1 allergens
2. Group 3 calcium-binding proteins cross-react
Asterales Ragweed, marshelder, 1. Strong cross-allergenicity between short, giant,
Asteraceae cocklebur western, and false ragweed
Heliantheae 2. Slender and southern ragweed less potent
3. Minor to little cross-reactivity between ragweed
and mugwort, marshelder, or cocklebur
Asterales Giant sagebrush, mugwort 1. Strong cross-allergenicity between Artemisia spe-
Asteraceae cies
Anthemideae 2. Minor to little cross-reactivity between mugwort

and ragweed, marshelder, or cocklebur

western and Great Plains states, including tumbleweeds
(Salsola and Kochia), scales (Atriplex spp), and pigweeds
(Amaranthus spp). Numerous studies show very strong
cross-reactivity between Amaranthus species, and like-
wise between Atriplex species. Cross-reactivity between
other family members is variable (Table 2). The tumble-
weed Russian thistle, Kali tragus (prior to 2007 known
as Salsola kali or S. pestifer), has seven characterized
allergens still identified by the older name, Sal k 1-7.
The two subclades of Rosidae (Eurosids I and
Eurosids II) have pollinosis-inducing members. The
first subclade contains several orders with strongly
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allergenic plants: Rosales, Fagales, Fabales, and
Malpighiales (Fig. 2). The suborder Urticineae, within
Rosales, contains the families Ulmaceae, Moraceae,
Urticaceae, and Cannabaceae. Urticaceae contains
nettle, Urtica spp, and pellitory, Parietaria spp; the lat-
ter are major aeroallergens in the Mediterranean ba-
sin. Parietaria judaica and P officinalis are strongly
cross-reactive.” The order Malpighiales contains
Euphorbiaceae and Salicaceae; the latter family con-
tains cottonwoods, poplars, and aspens (Populus spp)
and willows (Salix spp). Apparent strong cross-reactiv-
ity within this family is based on skin test correlations
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Figure 2. Class Rosidae taxonomny.

and Prausnitz—Kiistner neutralization. Moderate cross-
reactivity between Salicaceae and Fagales members is
defined by older inhibition techniques.

The beech family, Fagaceae, is one branch of the order
Fagales, and another large arm is the Juglandineae sub-
order, including the birch family, Betulaceae, and the
walnut family, Juglandaceae. The latter contains wal-
nut, pecan, and hickory. Shagbark hickory and pecan
have strong skin test correlations but less with black
walnut. Skin test correlations and radioallergosorbent
test (RAST) determinations support the cross-reactivity
of the beech and birch families. Multiple studies purify-
ing, characterizing, and sequencing of Betulaceae major
allergens have been performed. Recombinant DNA
studies showed strong homology between the major
allergen of birch, Bet v 1, and the major allergens of
other family members.** Molecular profiling of aller-
gens has clarified tree interrelationships. '

The second Rosidae subclade (Eurosids II) accom-
modates diverse allergenic plants. Oilseed rape
(Brassica napus) in Brassicaceae is a heavily cultivated
turnip-like aeroallergenic plant, with allergens of 6-8
and 14 kDa weights, as well as higher molecular aller-
gens from 27 to 69 kDa. The order Sapindales
includes Sapindaceae, Rutaceae, Simaroubaceae, and
Anacardiaceae. Maples, Acer spp, and boxelder, Acer
negundo, are in Sapindaceae. Old studies show mod-
est cross-reactivity between maple and Fagales mem-
bers, but little is found with boxelder. Some botanists
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have suggested boxelder should be in a separate ge-
nus (Table 2).

The majority of the subclass Asteridae is divided
between two groups (Fig. 3). The first group, Euasterids
I, contains the orders Lamiales, Garryales, Gentianales,
and Solanales. The latter order includes the Australian
weed, Paterson’s curse. Lamiales contains the olive and
plantain families. Oleaceae has shrubs such as lilac and
forsythia as well as ash and olive trees. Strong familial
cross-reactivity was demonstrated using RAST inhibi-
tion, isoelectric focusing, and tandem cross-immunoelec-
trophoresis, with olive generally being the strongest
inhibitor."! Fifteen olive allergens have been character-
ized. There are shared high molecular weight allergens
between birch and ash.

Asteraceae (Compositae) is a huge family with 3
subfamilies and 17 tribes. The subfamily Asteroideae
is monophyletic, and contains 10 tribes, of which 3
are of particular interest to allergists: the sunflower
tribe, Heliantheae; the aster tribe, Astereae; and the
mayweed tribe, Anthemideae. Ragweeds are in the
sunflower tribe. There are numerous species, with
four major ragweeds being short, giant, western, and
false. Other members of subtribe Ambrosiinae
include povertyweed, marshelder, and cocklebur.
Anthemideae includes mugwort and other sages,
and Astereae contains goldenrod and baccharis.
Allergenic identity of short and giant ragweeds was
shown by skin test comparisons, Prausnitz-Kiistner
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neutralization, and immunotherapy extract inter-
changeability; however others have reported inad-
equacy of monospecies immunotherapy, skin test
disparities, incomplete Prausnitz—Kiistner neutraliza-
tion with whole or partially purified extracts, and
nonidentity of precipitins on Ouchterlony immuno-
diffusion. Comparison of the four major ragweeds by
RAST inhibition found them roughly equivalent, with
false ragweed being the most effective inhibitor.'?
Leiferman and associates found overlapping RAST
inhibition curves for short, giant, western and false rag-
weeds; slender and southern ragweeds were less potent;
and other members of the family showed no inhibition."*
Sera from U.S. and Indian patients demonstrated marked
cross-inhibition between among ragweed, giant ragweed,
and feverfew, Chrysanthemum parthenium. Twelve short
ragweed allergens have been characterized or cloned, the
most important being Amb a 1 (Ag E).

Two studies using enzyme-linked immunosorbent
assay inhibition and immunoblot inhibition examined
cross-reactivity in 6-9 Artemisia species.'*'® Inhibition of
immunoblots was virtually complete among the nine
species. Nine Artemisia allergens have been identified,
including Art v 1, a 60 kDa glycoprotein; Art v 2, a 35
kDa glycoprotein; and Art v 3, a nonspecific lipid trans-
fer protein; with the former showing cross-reactivity
with ragweed, and the second with birch (Table 2).

Fungal Interrelationships

Cross-reactivity data for fungi had been confused
because of the older Cclassification system using
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Figure 3. Class Asteridae taxonomy.

artificial form genera. The Class Deuteromycetes, or
Fungi Imperfecti, comprised members with distinct
morphology, but many of these represented only the
asexual life forms of fungal organisms. More recently,
DNA sequencing has allowed a better phylogenetic
classification, so the former taxonomy is no longer
valid.'®

More than two dozen allergens of Aspergillus fumigatus
have been characterized.'” A major allergen of A. fumiga-
tus, Asp f 1, has 95% sequence homology with mitogillin,
an 18 kDa cytotoxin from A. restrictus.'®> A monoclonal
antibody against the 68 kDa Penicillium notatum major
allergen (Pen n 20) reacts with Aspergillus flavus, A. ter-
reus, A. fumigatus, A. niger, and two other Penicillium spe-
cies. Anti-Penicillium species and anti-Aspergillus species
monoclonal antibodies did not show any cross-reactivity
with Alternaria, Aureobasidium, Cladosporium, Curvularia,
Stachybotrys, or Ulocladium. Several species of Penicillium
have an alkaline serine proteinase allergen with homol-
ogy to the vacuolar serine proteinase from A. fumigatus."®

Varying degrees of cross-reactivity have been shown
among Alternaria, Stemphylium, Curvularia, and Stachy-
botrys. RAST inhibition and immunoblot studies have
shown little to no inhibition among Aspergillus fumigatus
and Alternaria tenuis and Cladosporium herbarum, whereas
the latter two showed considerable cross-reactivity with
similar slopes on inhibition curves. The major Alternaria
antigen, Alt a 1, is as abundant in Stemphylium as in
Alternaria."® Cladosporium, and Alternaria have homolo-
gous allergens®® About 50% of Cladosporium- and
Alternaria-sensitive patients react to recombinant enolases,
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and inhibition studies showed essential identity between
the two.

Cross-reactivity of yeasts has been investigated using
skin test correlations and rabbit antisera enzyme immu-
noassay inhibition. Although there was marked skin test
concordance among Candida species, Rhodotorula,
Saccharomyces, and others, significant immunoassay cross-
reactivity was only seen between the Candida species.
Cross-reactivity between Candida albicans and baker’s
yeast, Saccharomyces cerevisiae, is largely due to enolase.
Cross-reactivity has been shown between C. albicans and
Pityrosporum orbiculare.'®

Basidiomycetes include large fungi such as mush-
rooms and bracket fungi as well as smuts and rusts.
They have been implicated in seasonal allergy as well as
epidemic asthma. Allergenicity of the bracket fungi
Ganoderma applanatum has been investigated, and no
cross-reactivity with rabbit antisera to other common
molds such as Alternaria, Aspergillus, Candida, Penicillium,
Epicoccum, or Helminthosporium was found. Three mem-
bers of the Basidiomycete order Agaricales (Coprinus
quadrifidus, Psilocybe cubensis, and Pleurotus ostreatus) as
well as Calvatia cyathiformis (order Lycoperdales) show
strong cross-reactivity, with little to no inhibition demon-
strated with Ganoderma meredithae (Aphyllophorales) or
Pisolithus tinctorius (Sclerodermatales).

Summary

Taxonomy remains the major guide in assessing the
likelihood of cross-reactivity between aeroallergens and
is accurate in the great majority of cases. Refinement of
plant systematics with clarification of phylogenetic rela-
tionships has demonstrated that this basic premise holds
true. Unexpected cross-allergenicity between distantly
related plants is usually because of sensitivation to pan-
allergens, ubiquitous tightly preserved proteins, and
even across plants and animals such as profilins, nonspe-
cific lipid transfer proteins, and pathogenesis-related
proteins). The small differences that exist between these
ubiquitous proteins explains why these are frequently
only minor allergens.

Conifers. Cupressaceae members are markedly cross-
reactive. A single Juniperus pollen extract should be
suitable for immunotherapy. Members of Pinaceae
should be treated separately in the rare instance of clin-
ical importance. There is no significant cross-reactivity
between conifers and flowering plants; the minor reac-
tivity is not of clinical relevance.

Grasses and Related Plants. Members of the grass sub-
family Pooideae are strongly cross-reactive based on
marked homology of groups 1, 2/3, 4, and 5, most of
which are major allergens. Differences in cross-inhibi-
tion probably reflect quantitative differences rather
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than qualitative ones, although it is possible that timo-
thy and sweet vernal may contain relevant unique
allergens. In testing with, and immunotherapy for,
northern pasture grasses, adequate coverage should be
achieved by one or two members, and there is no need
for multiple representation. The Panicoideae and
Chloridoideae subfamilies show greater diversity and
lack group 2 and group 5 allergens, accounting for
their differences with the temperate grasses. Members
should be tested and treated separately. Chloridoideae
members appear to be cross-reactive, with Bermuda
grass being very potent, and are the appropriate choice
to cover other members. The cross-reacting profilins
and calcium-binding allergens are minor allergens.
Other nongrass families of monocots show reactivity
between members but no appreciable cross-reactivity
with grasses.

Tricolpate Angiosperms. Diversity is the rule among
the plants of these subclasses and orders. Lack of
cross-reactivity is the rule even down sometimes to the
level of tribe. There are, however, exceptions, with sig-
nificant cross-reactivity across certain families.

In Amaranthaceae, allergenic identity is almost
complete among the Amaranthus species such as
redroot pigweed and Palmer’s amaranth, and
slightly less with another member, western water-
hemp. In the Chenopodioideae, there is greater di-
versity, although there are striking similarities among
the Atriplex saltbushes and scales. There are varying
degrees of cross-inhibition between other chenopods
and amaranths, and Russian thistle appears to possess
significant unique allergens. Amaranthus and Atriplex
species can be represented by single members, but the
other locally relevant members need to be addressed
separately.

The order Fagales shows strong cross-allergenicity
within the birch family extending across to the beech
family as well. Use of the locally prevalent Betulaceae
member should cover other family members as well.
In areas where oaks are predominant, a Quercus would
be expected to cover birch as well. Immunotherapy
with rBet v 1 and rBet v 2 recombinant allergens could
effectively cover Fagales tree pollen sensitivity. There
is scant information concerning other members of the
Rosidae subclass. Generally, one member of a family
can be expected to be adequate for immunotherapy,
although there are exceptions such as nettle and
pellitory.

Olive family members are strongly cross-reactive. In
areas where European olive is grown, it seems the
proper choice. In other areas where ash is prevalent, it
should be adequate. Treating with multiple members
should not be necessary.

Asteraceae members show variable cross-reactivity.
The four major ragweeds (short, giant, western, and
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false) strongly cross-react, and one or two are quite
adequate. However, in areas where the sages or marsh-
elders are common, these need to be handled separately.
Because Artemisia species are so strongly cross-reactive,
it is not necessary to skin test or treat with multiple
members, a single choice will do. In the Midwest and
West common sagebrush (A. tridentata) seems reasona-
ble, while in the eastern states and Europe, mugwort (A.
vulgaris) seems most appropriate.

CLINICAL PEARLS

A knowledge of allergen cross-reactivity will allow
the allergist to better formulate immunotherapy,
avoiding the addition of too many similar allergens
and thus decreasing the likelihood of systemic reac-
tions to overly potent extracts, and allowing appro-
priate coverage in formulation.

Temperate pasture grasses (Pooideae) are strongly
cross-reactive and therefore may be represented by a
single member in allergen immunotherapy formula-
tions. Timothy appears more potent than other
Pooideae, and crude extract studies suggest it may
have a unique allergen and therefore may be the best
choice of Pooideae in extract formulation.

Within family cross-reactivity is strong for the cy-
press, birch, beech, and olive tree families, as well as
across family boundaries with birch and beech.
Therefore, single members should be adequate to
represent these families in allergen extracts.
Although maple and boxelder are classified in the
same genus, Acer, older research demonstrates that
there are distinct differences in cross-inhibition with
other plants. Some botanists believe boxelder should
be reclassified in a separate genus. Therefore, they
should be treated as different entities.

The major Amaranthus weeds, Palmer’s amaranth
and redroot pigweed, are essentially allergenically
identical. Likewise, the Atriplex weeds are strongly
cross-reactive. For each, use the locally prevalent
weed for allergen immunotherapy. Other members
of Amaranthaceae, such as Russian thistle and burn-
ing bush, are less cross-reactive and need to be
treated separately.

The four major ragweeds (short, giant, western, and
false) are strongly cross-reactive, so although it is
common usage to treat with both short and giant
ragweed together, this should not be necessary.
Other members of the same tribe, such as poverty-
weed and cocklebur are not significantly cross-reac-
tive and need to be treated separately.

Artemisia species are strongly cross-reactive. Testing
and treating with one species is adequate; suggest
use of giant sagebrush, A. tridentata, in the western
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and central United States and mugwort, A. vulgaris,
in the eastern United States and Europe.

Although there is evidence of some cross-reactivity
between Alternaria and Cladosporium, and between
Penicillium and Aspergillus, at the present it is prob-
ably prudent to treat these separately.
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